Occupational health symptoms related to bioaerosol exposure have been observed in a variety of working environments. Bioaerosols contain microorganisms and microbial components. The aim of this study was to estimate the total inflammatory potential (TIP) of bioaerosols using an in vitro assay based on granulocyte-like cells. A total of 129 bioaerosol samples were collected in the breathing zone of workers during their daily working routine at 22 biofuel plants. The samples were analyzed by traditional assays for dust, endotoxin, fungal spores, (133)-␤-D-glucan, total number of bacteria, the enzyme N-acetyl-␤-D-glucosaminidase (NAGase; primarily originating from fungi), Aspergillus fumigatus, and mesophilic and thermophilic actinomycetes; the samples were also assayed for TIP. In a multilinear regression four factors were significant for the TIP values obtained: endotoxin (P < 0.0001), fungal spores (P < 0.0001), (133)-␤-D-glucan (P ‫؍‬ 0.0005), and mesophilic actinomycetes (P ‫؍‬ 0.0063). Using this model to estimate TIP values on the basis of microbial composition, the correlation to the measured values was r ‫؍‬ 0.91. When TIP values obtained in the granulocyte assay were related to the primary working area, we found that bioaerosol samples from personnel working in straw storage facilities showed high TIP values (Ϸ50 times the TIP of unstimulated controls). In contrast, bioaerosol samples from personnel with work functions in offices or laboratories showed low TIP values (Ϸ5 times the TIP of the unstimulated control). This indicates, as expected, that these areas were less contaminated. In conclusion, the granulocyte assay reacts to multiple contaminants in the environmental samples and can be used to obtain a measurement of TIP. Therefore, potential occupational health effects related to inflammation of the airways in a working environment can be estimated using this assay.
For several years reports have related increased prevalence of respiratory symptoms to the exposure to bioaerosols containing, e.g., organic dust particles, actinomycetes, endotoxin, and fungal spores. Occupational health effects of bioaerosols have been reported in swine confinement houses and poultry farms as well as during hay handling. Airway diseases are frequent occupational disorders among farmers in many countries around the world (19, 23) . During mechanical handling, biofuels such as straw and wood chips release high amounts of various microbial components such as, e.g., actinomycetes, fungal spores, and endotoxin (11, 25) . Studies of personnel exposure to bioaerosols at biofuel plants reveal high concentrations of different microbial components and exposure levels higher than the suggested occupational exposure limits (10) .
Exposure limits or suggested exposure limits are usually based on studies where traditional microbial quantification methods have been applied and are normally related to the concentration of a single contaminant (e.g., endotoxin) (17) or to gravimetric measures of dust. Furthermore, it is recognized that exposure to various microbial components may cause inflammation in the airways (4, 5, 15, 16, 20, 34, 35) . Consequently, both the quantitative and the qualitative composition of bioaerosols may be of importance. In optimal settings, risk assessment of bioaerosols is based on the presence and concentration of a variety of microbial components. However, such analyses are tedious and costly. Therefore, an assay taking multifactorial contaminations into account may be highly relevant, and ideally this assessment should also correlate to airway inflammation. The objective of this work is to find a rapid and cost-efficient alternative to microbial analyses in characterizing bioaerosols from occupational settings.
Normally, airways and alveoli contain a relatively small number of granulocytes, but the pulmonary vasculature represents the largest reservoir of granulocytes in the human body. From this pool, granulocytes can be rapidly recruited upon microbial challenge (26) . This recruitment is crucial for the immune response of the host against pathogens. Consequently, we speculate that the production of reactive oxygen species (ROS) of granulocytes can be used as readout for bioaerosol exposure. However, isolated granulocytes are short-lived, with a half-life of only a few hours (33) . For this reason a granulocyte-like cell line can represent a practical alternative to freshly isolated cells.
In 2006 a granulocyte assay based on a cell line was developed mainly to assess microbial contamination in medicines (32) . The assay was shown to be very sensitive to a wide range of microorganisms (32) and severalfold more sensitive to fungi than monocyte assays (e.g., the Mono Mac 6 assay) (18, 32) . Furthermore, the assay showed sensitivity very similar to that of freshly isolated granulocytes toward a variety of microor-ganisms and microbial components (our unpublished observations). This indicates that the granulocyte assay is suitable to assess the inflammatory potential of bioaerosols or similar environmental samples.
The granulocyte assay is based on differentiated HL-60 cells. To assess the immunomodulatory effect of a given environmental sample, the production of ROS from the granulocytelike cells is measured in a luminol-dependent chemiluminometric assay. The induced ROS production is used as a measure of the total inflammatory potential (TIP) of the sample. The term TIP as described herein refers to the inflammatory effects induced in the granulocyte assay by the bioaerosols tested. These effects can be induced by both viable and dead microorganisms as well as related cell wall debris. Furthermore, the term covers inflammatory effects induced by other organic and inorganic components of the bioaerosols, such as pollen, particles, viruses, soot, etc., that are known to have or speculated to have inflammatory effects in the granulocyte assay.
To examine the potential of the granulocyte assay to measure the TIP of an environmental sample, we examined 129 bioaerosol samples collected at 22 biofuel plants. In occupational settings the presence of fungi, Aspergillus fumigatus, ␤-glucan, endotoxin, actinomycetes, and dust has been related to airway symptoms (4, 5, 15, 16, 20, 34, 35) . Therefore, we have quantified these components in the sampled bioaerosols. Furthermore, we have quantified N-acetyl-␤-D-glucosaminidase (NAGase) activity because this enzyme is associated with fungi and has been shown to correlate significantly with the total number of fungal spores counted by microscopy (9, 14) . Our hypothesis is that the TIP values obtained in the granulocyte assay can be used as a rapid way to evaluate the bioaerosol exposure and thus could indicate where a more extensive characterization of microbial parameters would be necessary.
MATERIALS AND METHODS
Biofuel plants. The collection of bioaerosols was obtained from 22 Danish biofuel plants located all over Denmark. Between 2 and 50 people were handling biofuels at each plant. Energy was generated mainly by converting straw, but two plants were also converting wood chips. The sampling was performed during early spring, late autumn, and wintertime over two successive working days. One of the main working areas was the straw storage area where farmers or truck drivers arrived with straw. The straw could be the present year's harvest, but it could also be from an earlier harvest season. The biofuel plants could refuse to receive the straw if it had a water content that is too high or if it looked moldy.
Main working areas. While personal bioaerosol sampling was performed, technicians recorded the duration of occupation for different work areas. Each person was classified as belonging to a certain area in accordance with where they spent the majority of the working day. The areas were the following: transport truck, wood chip storage, straw storage, boiler room, office, laboratory, and workshop. Also included were five workers conducting outdoor welding. Three persons were not placed in any of these groups. At each plant, outdoor reference airborne dust was sampled in the wind toward the plant. The reference measurement was performed using stationary samplers during the same periods that personal dust was sampled.
Personal sampling of inhalable aerosols. Personal bioaerosol monitoring was conducted using GSP inhalable samplers (CIS by BGI, Inc., Waltham, MA). The samplers were mounted with Teflon filters (pore size, 1 m) to collect inhalable dust, endotoxin, and NAGase, and polycarbonate filters (pore size, 1 m) were used for quantification of the total number and number of CFU of bacteria and fungi and for analysis in the granulocyte assay. For the investigation of the association of the microbial factors to TIP, time-weighted averages were used. The average sampling time was 5 h.
Gravimetric analysis. The mass of the bioaerosol components collected on the Teflon filters (hereafter denoted dust) was determined by weighing the filters before and after sampling. Before being weighed, the filters were equilibrated at constant air temperature and humidity for 20 to 24 h (22°C and 50% Ϯ 5% relative humidity). To establish detection limits, we used three times the standard deviation of 10 blanks and divided by the mean sampled value. The detection limit for dust was 0.03 mg/m 3 . Extraction of bioaerosols. The bioaerosols sampled on Teflon filters were extracted in 10.0 ml of pyrogen-free water with 0.05% Tween 20 by orbital shaking (300 rpm) at room temperature for 60 min and subsequent centrifugation (1,000 ϫ g) for 15 min. The supernatant was used for the endotoxin and NAGase assay. The bioaerosols sampled on polycarbonate filters were extracted in 10.0 ml of sterile 0.05% Tween 80 and 0.85% NaCl solution at 16 h postsampling by shaking for 15 min (500 rpm) at room temperature.
Quantification of endotoxin and (133)-␤-D-glucan. The supernatant was analyzed in duplicate for endotoxin using a chromogenic kinetic Limulus amebocyte lysate test (Kinetic-QCL endotoxin kit; BioWhittaker, Walkersville, MD) with ␤-glucan blocker. A standard curve obtained from an Escherichia coli O55:B5 reference endotoxin was used to determine the concentration in terms of endotoxin units (EU) (12.0 EU Ϸ 1.0 ng). The detection limit for endotoxin was 0.05 EU/m 3 . Dust suspensions from the polycarbonate filters were used for quantification of (133)-␤-D-glucan in duplicate using a kinetic Fungitic G Test (Seikagaku Co., Tokyo, Japan) with a detection limit of 8 pg/m 3 . The triple-helix structure of the ␤-glucan was made water soluble using 0.3 M NaOH (the extraction time was 10 min).
Quantification of microorganisms. Microorganisms were quantified using a modified CAMNEA method (22) . The number of fungi cultivable on dichloran glycerol agar (DG 18 agar; Oxoid, Basingstoke, England) at 25°C was counted after 3 and 7 days of incubation. In addition, agar plates were incubated at 45°C to quantify cultivable Aspergillus fumigatus. Mesophilic actinomycetes and thermophilic actinomycetes (55°C) were after 3 and 7 days of incubation quantified on 10% and 100% nutrient agar (Oxoid, Basingstoke, England) with actidione (cycloheximide; 50 mg/liter), respectively. The detection limit was between 10 and 20 CFU/m 3 air, and for measures below the detection limit, the value equal to 50% of the detection limit was used.
The total numbers of bacteria and fungal spores were determined after staining in 20 ppm acridine orange (Merck) in acetate buffer for 30 s, with subsequent filtration through a polycarbonate filter (0.4 m; Nuclepore, Cambridge, MA). Fungi and bacteria were counted at a magnification of ϫ1,250 using epifluorescence microscopy (Orthoplan; Leitz Wetzlar). The numbers of microorganisms were determined in 40 randomly chosen fields or until at least 400 cells were counted.
Quantification of NAGase. We have measured exposure to NAGase, which is an enzyme mainly produced by fungi (9) . To quantify the activity of NAGase (EC 3.2.1.30), the release of p-nitrophenol from the substrate p-nitrophenol-N-acetyl-␤-D-glucosaminide (Sigma Chemical Co.) was estimated (12) . Appropriate controls without either the enzyme or the substrate were run simultaneously. The tests and standards were incubated at 50°C for 16 h. Reactions were terminated, and the samples appeared yellow following the addition of 50 l of 0.4 M Na 2 CO 3 to each well. Absorbance was measured at 405 nm. One unit of enzyme activity is defined as the amount of enzyme which releases 1 mol of p-nitrophenol/ml of dust suspension/min. The detection limit was 0.06 pmol/sec/m 3 . Sample activity in the granulocyte assay. The surfactant Tween, which was used for the extraction of dust from the filters, interferes with the granulocyte assay. Therefore, the samples were ultrafiltrated prior to analysis (36) . The individual filter extracts were placed on an ultrafilter with a 20-kDa cutoff (Ultrasart D 20; Sartorius, Germany) and washed three times with Hanks balanced salt solution (HBSS). The samples (retained on the filter) were then reconstituted in HBSS in their original volume and tested in the granulocyte assay.
Granulocyte-like cells were obtained by differentiating the HL-60 cell line, originally acquired from ATCC (CCL-240) with all-trans retinoic-acid (ATRA). The cell line was cultured in RPMI 1640 medium (Biological Industries, Israel) supplemented with 10% heat-inactivated fetal bovine serum (Biological Industries, Israel), 1% glutamax (Gibco), 100 U/ml penicillin, and 100 g/ml streptomycin (Sigma-Aldrich). The cells were maintained in a humidified atmosphere (5% CO 2 -95% air) at 37°C, and the culture medium was renewed twice a week. Cells were kept below 1 ϫ 10 6 cells/ml at all times. To induce differentiation, cells were collected from the continuously growing cell culture and seeded in supplemented RPMI 1640 medium with 1 M ATRA (Fluka/Sigma-Aldrich) at a concentration of 3 ϫ 10 5 cells/ml. Cells were then allowed to differentiate for 7 days without further renewal of culture medium or cell passage.
To analyze the bioaerosol samples, the differentiated HL-60 cell culture was 7656 TIMM ET AL. APPL. ENVIRON. MICROBIOL.
centrifuged (125 ϫ g for 10 min), and the pellet was washed once in preheated (37°C) HBSS. The cells were resuspended in preheated HBSS and set to 1 ϫ 10 7 cells/ml using a Bürker-Türk chamber. The cell suspension was then plated on a white polystyrene LumiNuncTM 96-well plate (Nunc, Denmark) at a concentration of 5 ϫ 10 5 cells/well, with 283 M luminol (Across Organics) and 2.5% human plasma (obtained from two healthy volunteers). The cells were then allowed to equilibrate for 15 min at 37°C prior to the addition of either test, standard, or control solutions.
Chemiluminescent measurements were initiated immediately after the addition of the test or standard (1 s/well every 120 s from 0 to 180 min) using a thermostated (37°C) ORION II Microplate luminometer (Berthold Detection Systems, Germany). Light intensity from the reaction was quantified as relative light units per second (RLU/s). The area under the curve (AUC) was calculated by integrating the responses (RLU/s in the range of 0 to 180 min). TIP values were obtained by correcting the AUC values for the time-weighted average of the volume (m 3 ) of sampled air. All samples were tested in duplicates, and each plate assayed contained a reference endotoxin (3.8 EU Ϸ 1.0 ng from E. coli O55:B5; Cambrex Bioscience) standard curve in the range of 0.1 EU/ml to 200 EU/ml, as described earlier (31) . A correlation coefficient greater than 0.98 was considered acceptable for the endotoxin standard curve. Also, a standard of glucan (zymosan A from Saccharomyces cerevisiae [Sigma Chemical Co.]) was included at a concentration of 1 g/ml to validate reactivity toward nonendotoxins.
Statistics. Log transforms of both the TIP values and the sample compositions were used to meet the linearity and normality assumptions of the model. To examine the relationship between sample compositions and corresponding TIP values, we used multiple linear regression with stepwise exclusion of the least significant factor. We considered a P value of Ͻ0.05 significant. The effects of sample composition on TIP values are displayed as estimates of regression coefficients together with standard errors (SE) of the estimates. Relations between TIP values and working area are shown as mean Ϯ standard error of the mean (SEM). Data were analyzed using SAS, version 9.1.
RESULTS
A total of 129 personal bioaerosol samples were collected during working hours of 81 persons at 22 biofuel plants. The samples were subjected to gravimetric analysis and quantified for the microbial components listed in Table 1 . The exposure to endotoxin, bacteria, fungal spores, ␤-glucan, NAGase, and dust were above the detection limits for all persons. For mesophilic actinomycetes, thermophilic actinomycetes, and A. fumigatus, 117, 112, and 103, respectively, of 129 samples were above the detection limit.
The ability of the samples to induce ROS production in the granulocyte assay was examined, and the results were quantified as TIP values. All samples gave TIP values above the limit of detection. Both the sample composition and the TIP values followed a log-normal distribution.
The granulocyte assay. The ROS production profile in the granulocyte assay is stimulus dependent. Figure 1 shows the ROS production profiles induced by 1.0 g/ml zymosan, 2.0 EU/ml endotoxin, and a control (HBSS). The granulocytes have a fast onset of ROS production in response to the zymosan challenge, within the first 2 to 6 min, whereas the response to endotoxin is initiated much later and does not peak until 60 min or later. Dose dependency was observed and was verified in each assay with the included endotoxin standards in the range of 0.1 to 200 EU/ml (data not shown).
All collected bioaerosol samples activated the cells in the granulocyte assay to produce ROS. The reaction profiles and onset of ROS production differed between the tested samples. Figure 2 shows the ROS release in the granulocyte assay when cells were challenged with two different bioaerosol samples. Figure 2A shows a sample with a large amount of dust containing only a small amount of microbial contaminant. The . In outdoor air, levels of mesophilic actinomycetes, thermophilic actinomycetes, A. fumigatus, and dust were below the limit of detection.
FIG. 1. ROS production profiles in the granulocyte assay of responses to stimuli. The granulocyte-like cells were stimulated at time zero with control solution (HBSS), zymosan (1 g/ml), or endotoxin (2 EU/ml). Light intensity (in RLU/s) was measured every second minute for 180 min.
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resulting ROS release in the granulocyte assay shows a very late activation of the cells, with only minor or no initial activation. Figure 2B shows the ROS release caused by a sample contaminated with a variety of microbial components. The sample activates the cells to have both large initial and subsequently sustained ROS production. Correlation of TIP to bioaerosol components. Individual correlation of the TIP values and the measured bioaerosol components gave relatively high and significant correlation coefficients (r) in the range of an r of 0.65 for dust/m 3 to an r of 0.82 for (133)-␤-D-glucan (Fig. 3) . However, the values for dust, fungal spores, (133)-␤-D-glucan, total number of bacteria, NAGase, A. fumigatus, and mesophilic and thermophilic actinomycetes also correlated significantly interdependently (r ϭ 0.47 to 0.86; P Յ 0.0001).
To assess which components of the bioaerosols had the strongest association to the measured TIP values, we created a model describing the TIP as a function of all nine factors. A multiple linear regression with mean structure (y 1 ϭ a ϩ a 1x1 ϩ a 2x2 ϩ … ϩ a 9x9 ) was used, where y 1 is the estimated log TIP value and x 1 to x 9 are the logarithmic contents per m 3 of air for endotoxin, dust, fungal spores, (133)-␤-D-glucan, total number of bacteria, NAGase, A. fumigatus, and mesophilic and thermophilic actinomycetes, respectively. In the model a 1 to a 9 are the regression coefficients, and a is the intercept.
The analysis showed that the effects of some factors could be explained by other factors (e.g., the total number of fungal spores could also be described by NAGase activity). We therefore conducted iterative removal of the least significant factor until only significant factors remained. We used a P value of Ͻ0.05 as the acceptance criterion for the data evaluation. The factors, their estimates, SEs, and P values are given in Table 2 . To explain the TIP values, the combination of four factors was relevant for the model ( Table 2 ).
The resulting model had the following estimated mean structure: log TIP estimated ϭ 4.14 ϩ (0.20 ϫ log endotoxin) ϩ (0.22 ϫ log fungal spores) ϩ [0.17 ϫ log (133)-␤-D-glucan] ϩ (0.07 ϫ log mesophilic actinomycetes).
The estimate of the residual variance was 0.047. The same four factors were also shown to be significant when the predicted residual sum of squares statistic was used.
Using the stepwise multiple regression model, the estimated TIP values based on the microbial data were plotted against the TIP obtained in the granulocyte assay (Fig. 4) . The estimated TIP values correlate to the actual values measured, with a correlation coefficient, r, of 0.91. This indicates that the four factors in the final model explain a large amount of the total variation of the observed TIP values. Figure 4 shows that the data vary around the line with no clear signs of curvature, thus giving us no reason to question the linearity assumption of the model. Also the variation seems to be the same for both small and large TIP values, giving us no reason to question the assumption of constant variance in the measured area.
TIP in relation to working area. The bioaerosol samples were divided into groups representative of where each worker had spent the most time on the day of sampling. Figure 5 shows the mean measured TIP response (Ϯ SEM) from the bioaerosol samples in respect to the main working area.
The majority of workers at the biofuel plants could be related to work functions in either straw storage or office areas. In general, the samples from straw storage workers tended to have high TIP values, and the samples from workers mainly situated in the office environment tended to have TIP values below average as assessed by the granulocyte assay.
Personnel related to driving transport trucks, welding, and workshops were exposed to bioaerosols with high average TIP values. The lowest values obtained were related to bioaerosol samples collected by the laboratory personnel.
DISCUSSION
All 129 bioaerosol samples collected at the biofuel plants contained substantial amounts of microorganisms, microbial cell wall components, and NAGase. All samples activated the granulocyte-like HL-60 cells to produce ROS above baseline release levels. When we tested different reference substances in this granulocyte assay, we observed that the kinetics of the activation profiles varied (Fig. 1) . This is in accordance with previous observations showing that different microorganisms and microbial cell wall components show different activation patterns, as exemplified by zymosan (a Saccharomyces cerevisiae cell wall component), which induces fast production of ROS, and endotoxin, which induces a later onset of ROS production (32) . The collected bioaerosol samples are therefore expected to induce different activation patterns in the granulocyte assay since these samples also vary in microbial composition. In fact, it may even be possible to make an assessment as to the composition of a sample by using the activation profiles of the granulocyte assay. Without further reference to this observation, the TIP values were determined. Responses in cell-based assays are generally associated with day-to-day variation. One common way to account for this is to include internal standards. In these experiments we have included an endotoxin standard curve in each experiment to FIG. 3 . TIP correlations to the four factors significant for the descriptive model. verify dose dependency and to have a valid internal standard. However, it is problematic to use endotoxin as an internal standard for bioaerosol samples since the responses are shown to be the result of several microbial components. Normalization of the total response to one standard, therefore, may not represent the best way to account for variations. In fact, normalizing the responses of the granulocyte assay in this study to the 2 EU/ml of the endotoxin standard gives reduced correlations to the individual components and reduced P values for the final descriptive model. This indicates that if one chooses to normalize data to account for day-to-day variations, this should be done with care and perhaps by using a standard comprised of multiple microbial components. High and significant correlation coefficients were obtained when measured TIP values were correlated to the concentrations of dust, endotoxin, fungal spores, (133)-␤-D-glucan, total number of bacteria, NAGase, A. fumigatus, mesophilic actinomycetes and thermophilic actinomycetes. However, since microbial components also correlated well interdependently, this may provide a false coherence since these samples to some extent have proportional concentrations of contaminants. By using multiple linear regression, we have determined which of the nine microbial components included here were determinative of the observed TIP values. By running the model first with all nine factors and then subsequently excluding the least descriptive factor one by one until all remaining factors were significant (P Ͻ 0.05), the four descriptive factors for the model were identified as endotoxin, fungal spores, (133)-␤-D-glucan, and mesophilic actinomycetes. However, we found that some of the nine chosen factors could be descriptive for each other. Therefore, removal of one factor from the model resulted in another related factor's becoming descriptive instead. For example, NAGase becomes significant for the descriptive model (P ϭ 0.032) if (133)-␤-D-glucan is initially removed from the model. This indicates that the exact substance tested may be of less importance than the origin of the substances. Using this assumption, the descriptive factors in the granulocyte assay seems to be a combination of fungal Using this model, the correlation to multifactor contamination represents a better estimate than any one contaminant alone. This indicates that the granulocyte assay responds to the multifactorial composition of the samples and thus provides a measure of multifactorial contamination or the TIP of a given sample.
The TIP values obtained in the granulocyte assay were related to main working areas (Fig. 5) . Workers situated at the straw storage facility provided dust samples with the highest TIP values. This is in accordance with earlier studies showing high exposures to microbial components in straw storage facilities (10) . The TIP value of bioaerosols collected during work in the straw storage areas were higher than of that of bioaerosols collected during work in the boiler rooms. This is in accordance with both a higher exposure to microbial components in straw storage areas than in boiler rooms (10) and with a higher inflammatory potential of dust from a straw storage facility than from a boiler room (13) . Personnel related to driving transport trucks also displayed high TIP values. This is also as expected because the truck drivers take part in the loading and unloading of the truck, during which straw is intensively handled. One interesting fact is that the welders were high responders. This is surprising since they were generally situated outdoors for the majority of the workday. The reason for these high responses is yet unknown, but we found that the samples collected showed remarkably high concentrations of endotoxin. This would explain the activation observed in the granulocyte assay, but the origin of the endotoxin remains unknown. Generally speaking, the bioaerosols from persons mainly working at the offices and laboratories showed lower TIP values than those from persons related to other working areas. Considering that office spaces were physically separate from the contaminated areas such as straw storage, the dust samples from some offices show surprisingly high average TIP values. This is in accordance with an earlier study showing that an office at a biofuel plant had a higher concentration of airborne microbial components than outdoor reference measurements even though it was much lower than that in most areas at biofuel plants in general (10) . Overall, these results show that the TIP values obtained in the granulocyte assay are related to the working areas of the personnel. The fact that there were high responders among the office workers may be speculated to relate either to poor indoor ventilation or lack of maintaining closed physical barriers between the office facilities and the more contaminated workspaces. Others have used cell assays based on lung epithelial cells, alveolar macrophages, or monocytic cells to evaluate occupational health effects of dust (1, 2, 8, 21 ). These assays are based on cellular cytokine production after dust exposure. It is evident that the choice of cell system is highly relevant for the sensitivity toward bioaerosol components and that some systems are almost insensitive toward single components such as endotoxin (1) .
We have shown that the response of the granulocyte assay is related to the multifactorial composition of a given sample and that the factors that best describe the TIP in these experiments are (133)-␤-D-glucan, endotoxin, fungal spores, and mesophilic actinomycetes. Due to the fact that ATRA-differentiated HL-60 cells resemble neutrophilic granulocytes, it should be evident that the assay has relevance in describing immunomodulatory effects of a given bioaerosol sample. When we consulted the literature, we found that the factors that describe the TIP in the granulocyte assay are all known to exert adverse effects in relation to occupational health. Previously, ␤-glucan has been used as an indicator of fungal exposure, but studies have also shown that it can elicit respiratory inflammation (3, 24, 28, 30) , and it has a definite proinflammatory potential in monocytes (27) . These observations are in accordance with the data presented here that bioaerosol samples containing (133)-␤-D-glucan activate granulocyte-like HL-60 cells and that (133)-␤-D-glucan is a determinative factor in our explanatory model for the resulting ROS production from the cells. In concordance with our findings, the exposure to extensive amounts of endotoxin have also been shown to have proinflammatory effects and have been implicated in work-related respiratory symptoms (6, 7) . Exposure to fungal spores (5) and actinomycetes (29) has also been implicated in work-related respiratory symptoms. Altogether, these results support the relevance of the observed effect of these microbial components on the TIP values obtained in the granulocyte assay.
In conclusion, these results indicate that the granulocyte assay described here, based on the ROS production of differentiated HL-60 cells, can provide measurements of the TIP of bioaerosols in a working environment.
